A wild-type isolate (WT) of soil-borne wheat mosaic virus (SBWMV, isolate JT) (RNA I 6.9 kb and RNA II 3.6 kb) was successively transferred to wheat plants by mechanical inoculation and a deletion mutant (DM) (RNA 16.9 kb and RNA II 2.1 kb) was produced. In wheat germ extracts, RNA I of both WT and DM directed synthesis of polypeptides having mol. wt. of 220000 (220K) and 150K, and RNA II of both WT and DM directed synthesis of 25K and 19K polypeptides. Incubation in wheat germ extracts of WT or DM virions purified with an alkaline buffer also gave 220K, 25K and 19K polypeptides as major products and a 150K polypeptide as a minor product. In rabbit reticulocyte lysates, RNA I of both WT and DM directed synthesis of only the 220K polypeptide, whereas WT RNA II produced 100K, 46K, 25K and 19K polypeptides and DM RNA II, 31K, 25K and 19K polypeptides. SBWMV DM antiserum precipitated polypeptides of 100K, 31K, 25K and 19K but not 220K and 46K. The 19K polypeptide was identified as the capsid protein from its electrophoretic mobility and its reaction with antiserum to virus particles. Thus, the differences between the in vitro translation products of WT and DM SBWMV were confined only to those coded by RNA II.
INTRODUCTION
Soil-borne wheat mosaic virus (SBWMV) (Brakke, 1971 ) is characteristic of the proposed furovirus (fungus-borne rod-shaped virus) group (Shirako & Brakke, 1984a) in that it is transmitted by a plasmodiophoraceous fungus and has stiff, rod-shaped virions and a bipartite genome. SBWMV is unusual because as many as 1000 bases are spontaneously deleted from the short-rod RNA (RNA II) when plants infected with wild-type virus are grown at around 17 °C (Shirako & Brakke, 1984a, b) . The deletion mutant composed of long-rod RNA (RNA I) and deleted RNA II causes more severe symptoms in wheat plants than does the wild-type virus (Shirako & Brakke, 1984a) . RNAs of American isolates of SBWMV are translated in rabbit reticulocyte lysates (Hsu & Brakke, 1985) . RNA II codes for the capsid protein and two other polypeptides with mol. wt. of 28000 (28K) and 90K for the wild-type but 28K and 66K for Lab 2 mutant and 28K and 55K for Lab 1 mutant. All the products react with SBWMV antiserum. The authors concluded that the gene for the capsid protein is at the 5' end of RNA II, that the larger polypeptides are readthrough products and that the deletion site is located near the 3' end.
In this paper, we report the virion composition of wild-type and a deletion mutant of Japanese isolates of SBWMV and compare their products of translation in wheat germ extracts and in rabbit reticulocyte lysates. Our results show that the RNA I species of the two isolates are indistinguishable and code for a polypeptide of 220K but that the RNA II species differ in size and in the maximum mol. wt. of the translation product as was found with American isolates of SBWMV (Hsu & Brakke, 1985) .
METHODS
Virus isolates, propagation and purification. Wild-type (WT) of SBWMV (isolate JT) was obtained from naturally infected barley plants (Hordeum vulgare L. cv. 'Kashima') collected from a field in Tochigi, Japan, in the spring of 1982. A deletion mutant (DM) was produced by successive mechanical transfers of WT to wheat plants (Triticum 0000-6893 © 1986 SGM aestivum L. cv. "Fukuho') for 2 years at bimonthly intervals. Virus was transmitted by mechanical inoculation of the infected leaf homogenates in 0.1 M-K2HPO.~ to wheat plants in the two-leaf stage and propagated in plants grown at 17 °C (Rao & Brakke, 1970) . Virus was extracted and purified by two cycles of differential centrifugation as described previously (Shirako & Brakke, 1984a) . Virus yields were about 3 mg and 5 mg per 100 g of wheat leaves infected with WT and DM, respectively. Antiserum production. Antiserum was produced in a rabbit by four intramuscular injections at 2-week intervals of purified DM (1 rag/injection) emulsified with complete (first injection) or incomplete adjuvant (Difco; 1:1, v/v). Serum was collected 1 week after the last injection. The titre was 1:32 as determined by immunodiffusion.
RNA extraction and separation. Purified virus was dissociated in 2°/0 SDS, 30 mM-sodium phosphate pH 7.2, 1 mM-EDTA at 60 °C for 5 rain. Protein was removed by phenol extraction and RNA was precipitated from 70~ o ethanol at -80 °C overnight and pelleted by centrifugation. After washing with cold ethanol, the RN A was dried in racuo and suspended in 0.1 M-NaCI, 10 mM-Tris HC1 pH 8.8. Each RNA species was separated by two cycles of centrifugation at 190000 g for 4 h in gradients of 10 to 40~o sucrose in 0-1 M-NaC1, 10 mM-Tris-HCl pH 8.8 (Shirako & Brakke, 1984a) . RNA was precipitated from u.v.-absorbing fractions with ethanol and suspended in water at 100 gtg/ml.
Agarose gel electrophoresis oJRNA. R N A was denatured in 1 M-glyoxal (McMaster & Carmichael, 1977) , 30 raMsodium phosphate pH 7-2, 1 mM-EDTA, at 50 °C for 60 min and electrophoresed in 30 mM-sodium phosphate pH 7.2, I mM-EDTA in 1.7 % agarose (type ME; Takara, Kyoto, Japan) tube gels (6 mm × 9 cm) at a constant current of 7 mA/tube for 2 h (Shirako & Brakke, 1984a) . After electrophoresis, the gels were stained with 0.005 % "Stainsall' (Eastman Kodak) in 50% formamide and destained in water (Dahlberg et al., 1969) . Tobacco mosaic virus (TMV) RNA (6.4 kb) (Goelet et al., 1982) and Eseherichia coli ribosomal RNAs (2.9 kb and 1.5 kb) (Brosius et al., 1978 (Brosius et al., , 1980 were used as size standards.
SDS-PAGEoJprotein. Protein was denatured in 2% SDS, 1 ~o 2-mercaptoethanol, 50 mM-Tris-HC1 pH 8.8, 15 sucrose (1 × SB) at 100 °C for 5 m in and separated by 12.5 % PA G E as described by Laemmli (1970) and Franssen et al. (1982) . Gels were stained in 0.2 % Coomassie Brilliant Blue R in 50 % methanol, 7 % acetic acid, and destained in 50~o methanol, 35~o acetic acid.
Isolation of polysome Jractions and virions Jor translation. Polysome fractions were obtained from healthy and infected wheat leaves mostly as described by Gustafson et al. (1981) . Ten g of leaves were homogenized in 50 ml 0.2 M-Tris HCI, 0-4 M-KC1, 0.2 M-sucrose, 35 mM-MgClz, 25 mM-EGTA, 1 ~ 2-mercaptoethanol, pH 8.8. The homogenate was filtered through cheesecloth and centrifuged at 20000 g for 10 min. The supernatant was layered onto 60~/o sucrose, 40 mM-Tris-HCI, 0.2 M-KC1, 30 mM-MgCI~, 5 mM-EGTA, pH 8-6, and centrifuged at 156000 g for 2 h. The pellet was carefully rinsed and suspended in water at 20 A260 units. Virions were similarly isolated from infected leaves except that the extraction buffer and the 60~ sucrose buffer contained 25 mM-and 5 mM-EDTA, respectively, but lacked MgC1, and EGTA. Virus particles were suspended in water at 0.5 to 1.0 mg/ml.
Translation in wheat germ extracts. The procedures were essentially those described by Davies et al. (1977) and Franssen et al. (1982) . Two g of wheat germ (General Mills, Vallejo, Ca,, U.S.A.), which had been collected on a tea sieve, was ground thoroughly in a mortar and pestle pre-cooled at -80 °C overnight. The resulting fine powder was mixed with 10 ml 120 raM-potassium acetate, 5 mM-magnesium acetate, 20 mM-HEPES, 1 mM-dithiothreitol (DTT), pH 6-5, in a centrifuge tube, which was then shaken vigorously and centrifuged at 20000 g for 10 min. After adding one-ninth vol. of 0.5 M-HEPES-KOH pH 7.6, the supernatant was centrifuged again at 20000 g for 10 min and then applied to a Sephadex G-25 column equilibrated with 120 raM-potassium acetate, 5 mMmagnesium acetate, 1 mM-DTT, 20 mM-HEPES KOH, pH 7.6. The u.v.-absorbing fraction appearing in the void volume was collected and stored in small aliquots at -80 °C at 30 to 40 A_,60 units. Each 100 p.l reaction mixture contained 20 lal of wheat germ extract, 80 raM-potassium acetate, 2.5 raM-magnesium acetate, 2'5 mM-ATP (potassium salt), 0.375 mM-GTP (lithium salt), 10 mM-creatine phosphate, 10 ~tl/ml creatine phosphokinase, 0.4 mM-spermidine-HCl, 25 ~tM ~essential' amino acids except methionine, 20 mM-HEPES-KOH pH 7.5, 2 mM-DTT, 5 laCi psS}methionine (approx. 1000 Ci/mmol, Amersham) and 0.2 to0.5 ~tg RNA, 0-6 A260 units of polysome preparation or l0 to 20 ~ag of virus. Incubation was at 23 °C for 60 rain and was stopped by the addition of an equal volume of 2 × SB and heating to 100 °C for 5 min.
Translation in rabbit reticulocyte lysates and immunoprecipitation. Nuclease-treated, mRNA-dependent rabbit reticulocyte lysates were purchased from Amersham. Fifty ~tl of reaction mixture contained 40 ~tl lysate, 0.2 to 0.5 p.g RNA and 5 laCi [3~S]methionine. Incubation was at 30°C for 60 rain and was stopped as above. Immunoprecipitation was as described by Kessler (1975) and Dougherty & Hiebert (1980) . Antigen-antibody complex was adsorbed to Staphylococcus aureus Cowan I cells (IgGsorb, Enzyme Center, U.S.A.) at room temperature for 30 min. The cells were washed three times by centrifugation at 10000g for 10 min, suspended in 1 × SB and heated at 100 °C for 5 min. The suspension was centrifuged and the supcrnatant was applied to SDS-PAGE.
Fluorography. After staining, the gels were soaked twice in water for 15 min and in l M-sodium salicylate (Chamberlain, 1979) for 60 rain, dried on filter paper (Whatman 3MM) and exposed to X-ray film (Fuji RX) at Immunoblotting analysis of tissue homogenates. An extract of 1 g of wheat leaves in 9 ml of 1 × SB was heated at 100 °C for 5 min, centrifuged at 10 000 g for 10 min and 20 ~tl was subjected to SDS-PAGE. After electrophoresis, proteins were transferred to a nitrocellulose sheet (Toyo TM-2) which was treated as described by Towbin et al. (1979) and Leary et al. (1983) with SBWMV DM antiserum as the first antibody.
RESULTS

Virion composition o f the isolates
Wheat plants infected with WT showed a mild green mosaic of the leaves and produced as many tillers as did healthy plants, whereas those infected with DM developed a severe yellow mosaic and became heavily stunted. Particles of WT contained two species of RNA with 6.9 kb (WT RNA I) and 3.6 kb (WT RNA II), whereas those of DM had RNA of 6.9 kb (DM RNA I) and 2.1 kb (DM RNA II) (Fig. 1) . The ratios o f R N A II to RNA I by A254 in extracts of purified particles were approximately 3 : 1 for WT and 10 : 1 for DM. The capsid proteins of the two isolates were both 19K and produced identical peptide patterns after digestion with S. aureus V8 protease (Cleveland et al., 1977) (data not shown).
Translation products in wheat germ extracts
Before translation, the size and purity of each RNA species were checked by agarose gel electrophoresis. The optimum conditions for incorporation of [3SS]methionine into TCAinsoluble products were 80 raM-potassium acetate and 2.5 raM-magnesium acetate and incubation at 23 °C. In these conditions, TMV RNA directed the synthesis of a 126K polypeptide and smaller products (Fig. 2, lane 1) . RNA I of both WT and DM directed the synthesis of two polypeptides of 220K and 150K (Fig. 2, lanes 2 and 3) . Also, RNA II of both WT and DM directed the synthesis of 25K and 19K polypeptides (Fig. 2, lanes 4 and 5) . The electrophoretic mobility of the 19K polypeptide was the same as that of SBWMV capsid protein.
Addition of human placental RNase inhibitor (Takara), to 1000 units/ml reaction mixture, did not alter the product profiles for any of the four species of RNAs (data not shown). Polysome fractions isolated from both WT-infected and DM-infected wheat tissues stimulated the synthesis of a polypeptide of 220K which co-migrated with the largest product of RNA I translation (Fig. 3, lanes 1,2 and 3 ), in addition to those obtained with healthy polysomes (Fig. 3, lane 4) . However, when the polysome preparations were examined using an electron microscope, rod-shaped particles were readily detected from those of infected tissue but not from the healthy control. In order to investigate whether the 220K polypeptide could be synthesized from long-rod virions co-sedimented with polysomes (Neeleman et al., 1985) , virions were isolated for translation as described in Methods and incubated in wheat germ extracts. The mixtures of healthy polysomes and WT or DM virions stimulated synthesis of exactly the same products as obtained from polysomes of WT-infected tissues (data not shown). When only WT or DM virions were incubated in wheat germ extracts, 220K, 25K and 19K polypeptides were synthesized as major products as well as trace amounts of a 150K polypeptide (Fig. 3, lanes 5 and 6) . Prolonged incubation for up to 24 h at 23 °C did not alter the product profile. The virions purified with 0.1 g-citrate buffer pH 6.5 did not stimulate synthesis of any product but those again diluted in 0. ultracentrifugation gave all four polypeptides. These results imply that both long-rod and shortrod virions of SBWMV purified with the alkaline buffer might get uncoated in the wheat germ mixture to direct protein synthesis as shown with TMV (Wilson, 1984) .
Translation products in rabbit reticulocyte lysates
The potassium and magnesium concentrations in the reaction mixture were 80 mM and 1.4 mM, respectively. TMV RNA directed the synthesis of a 126K polypeptide with a minor product of 183K (Fig. 4, lane 1) . RNA I of both WT and DM directed the synthesis of a single product of 220K (Fig. 4, lanes 2 and 3) , whereas the translation products of WT RNA II were 100K, 46K, 25K and 19K (Fig. 4, lane 4) , and of DM RNA II were 31K, 25K and 19K (Fig. 4,  lane 5) . The 19K polypeptide was the major product derived from both of these RNA II species and it co-migrated with capsid protein. Polypeptides of 100K, 25K and 19K from WT RNA II products (Fig. 5c ) and 31K, 25K and 19K polypeptides from DM RNA II products (Fig. 5d) were immunoprecipitated from the individual translation mixtures with SBWMV DM antiserum but the 220K and 46K polypeptides were not (Fig. 5a, b) . Preimmune serum did not precipitate any of the products (data not shown).
Detection of capsid protein-related antigens in wheat leaf homogenates
The SBWMV DM antiserum reacted with some host plant proteins, particularly with a large subunit of ribulose-l,5-biphosphate carboxylase (Fig. 6, lane 1) . In addition to these reactions, antiserum reacted with capsid protein and two other polypeptides of 100K and 25K in extracts of WT-infected tissue (Fig. 6, lane 2) , whereas in extracts of DM-infected tissue, antiserum reacted with only capsid protein and the 25K polypeptide (Fig. 6, lane 3) .
DISCUSSION
RNA I of both isolates was 6.9 kb in size and therefore could code for a polypeptide of up to about 250K. The polypeptide of 220K synthesized in wheat germ extracts and in rabbit reticulocyte lysates represents nearly 90~ of the coding capacity of the RNA I sequence. The appearance of the 150K polypeptide in wheat germ extracts may be due to premature termination or fragmentation of RNA I but probably is not due to proteolytic processing because (i) no smaller polypeptides were observed with similar fluorographic intensities and (ii) prolonged incubation of the reaction mixtures did not change the relative amounts of 220K and 150K polypeptides. The 220K polypeptide specifically synthesized from polysomes isolated from virus-infected tissues may be a product of RNA I in polysomes, or may be derived from virions contaminating the polysome fractions, or both.
The size o f W T RNA II was 3.6 kb, whereas that o f D M RNA II was 2.1 kb. Thus, 1.5 kb could be deleted without losing infectivity by mechanical inoculation. In rabbit reticulocyte lysates, WT RNA II produced 100K, 46K, 25K and capsid polypeptides, and DM RNA II produced 31 K, 25K and capsid polypeptides; the 100K, 31 K, 25K and capsid polypeptides were immunoprecipitated with virion antiserum. These results confirm the conclusions of Hsu & Brakke (1985) that RNA II codes for a capsid protein at its 5' end, that two other polypeptides of up to 90K are partial readthrough products and that, based on the scanning hypothesis of Kozak (1983) , the deletion site is located in the 3' region o f W T RNA II. The polypeptides of 100K, 31K and 25K from Japanese isolates possibly correspond to those of 90K, 55K and 28K from American isolates. The polypeptide of 46K, which apparently does not have a common amino acid sequence with the capsid protein, might be derived from an internal initiation (Dorner et al., 1984) or processing from the carboxyl side of the 100K polypeptide. Termination of the 31K cistron is probably caused by a nonsense codon newly produced by deletion and frame shifting because a polypeptide larger than 45K should be synthesized if the termination codon of the 100K cistron is still used in DM RNA II. In contrast, in the wheat germ system, the products of WT RNA II and DM RNA II were indistinguishable; both RNA II species directed the synthesis only of the 25K and capsid polypeptides, as did the purified WT and DM virions. The absence of polypeptides larger than 25K in wheat germ extracts probably is not caused by endogenous RNase contamination because (i) the inclusion of an RNase inhibitor did not stimulate the synthesis of the larger products, (ii) identical product profiles were obtained from extracted RNA and from virions in which viral RNA would initially have been protected by capsid proteins and (iii) the 220K polypeptide was synthesized in the same reaction mixtures. Comparison of the products of RNA II in two cell-free systems with the in vivo products indicates that the reticulocyte system is more faithful than the 'homologous' wheat germ system. This discrepancy might be accounted for by the difference in the usage of termination codons in the 19K and 25K cistrons and also in the population of suppressor tRNA species in wheat germ, wheat leaves and rabbit reticulocytes. It has been shown that wheat germ extracts lack a suppressor tRNA species that promotes readthrough of a UAG termination codon at the end of the TMV 126K cistron to generate a 183K polypeptide (Beier et al., 1984a, b) , which is synthesized in tobacco protoplasts (Paterson & Knight, 1975) and in rabbit reticulocyte tysates (Pelham, 1978) . Furthermore, Ziegler et al. (1985) have found evidence for a UAG codon responsible for a readthrough product of RNA II of beet necrotic yellow vein virus (BNYVV) which is related to SBWMV. It would be interesting to see whether readthrough of a UAG codon at the end of the capsid polypeptide cistron on BNYVV RNA II occurs in wheat germ extracts and infected cells.
As reported here and in a previous paper (Shirako & Brakke, 1984a) , repeated transfer of the wild-type SBWMV to wheat plants results in the production of a deletion mutant which causes more severe symptoms on wheat plants than does the original wild-type virus. The wild-type and the deletion mutant RNA ! species gave identical symptoms when inoculated with either wildtype or the deletion mutant RNA II species (Shirako & Brakke, 1984a) . The only differences found so far between the two isolates are in the sizes of their RNA II species due to the deletion of the 3' region and in their translation products in vitro and in vivo. However, it is probable that the nucleotide sequence between the termination codon of the 25K cistron and the 3' terminus are considerably rearranged by multiple deletions and frame shifting. Sequence analysis of both RNA II species should provide further information concerning the deletion mechanism and genome organization of SBWMV.
